Introduction
Understanding the relationship between pulping conditions and paper properties is vital for the pulp and paper industry since different pulping processes produce different paper quality.
Bamboo belongs to the grass family ; it has more than 70 genera that contain 1450 species. Bamboo species are found in a wide range of climates, from cold mountains to hot tropical regions. While there are over a thousand bamboo species, some of them are not suitable for paper making due to difficulties in pulping and bleaching them.
Historically, bamboos have been used in substantial quantities in many tropical countries. The paper and pulp industries in several Asian countries (e.g., Myanmar, China and India) use bamboo. Bamboo pulps resemble superior hardwood pulps and they have certain unique and desirable qualities for the production of fine papers [1] . Although pulping and paper making have been practiced since antiquity, commercial pulping and papermaking processes have advanced significantly since the 18 th century, toward more capital-intensive, large-scale automated production processes [2] . The main purpose of pulping is to separate the fibers from each other. Several pulping processes are currently used of which there are two main kinds ; mechanical pulping and chemical pulping. Alkaline chemical pulping, particularly kraft (or sulfate) pulping [3] is the best process for bamboo.
Kraft pulping is the most popular pulping process in the world because it produces excellent pulp strengths and its chemicals can be easily recovered.
However, in some areas of the world mild pulping processes in which pulps are mainly produced by hand are still used to produce bamboo paper. Although a number of research papers have been reported concerning bamboo pulps [4] [5] [6] , more information is required to understand the properties of bamboo pulp and paper.
The paper quality ultimately depends on the pulping process and the raw materials. Because pulp properties affect paper properties, this study investigates how kraft pulping and hand pulping affect the properties of bamboo paper. We investigated the effect of pulping processes on the strength properties of bamboo paper. Bamboo was pulped by hand and by the kraft process. Handsheets were formed from the pulps obtained and their properties were measured before and after accelerated aging. The pulp made by hand had lower water retention and higher initial viscosity than the kraft pulp. Paper made from the hand-made pulp had considerably higher aging resistance than paper made from the kraft pulp. All the measurements revealed that acid-free paper made from the hand-made pulp retained its mechanical strength (especially folding endurance) better during accelerated aging than acid-free paper made from the kraft pulp. Retention of the folding endurance depended considerably on the retention of the zero-span tensile strength during sealed-tube aging. With the exception of zero-span tensile strength, hand-pulped and kraft-pulped acidic papers did not exhibit any significant difference in their mechanical properties. Although the paper made from the hand -made pulp had higher sheet strength than the paper made from the kraft pulp, both papers exhibited similar reductions in the surface pH during tube aging. Before and after accelerated aging, the paper made from kraft pulp produced by cooking at 170°C for 90 min had higher intrinsic fiber strength than the paper made from kraft pulp produced by cooking at 160°C for 60 min for both acid-free and acidic papers. 
Effect of Pulping Conditions on the Properties of Bamboo Paper

Pulping
Japanese bamboo (Ph. pubescence Mazel ) was used as the raw material in this study. Chips for chemical pulping were produced by cutting bamboo into approximately 30-60 mm long chips, followed by drying in an oven for 24 h. Kraft cooking was conducted with 15% active alkali and 25% sulfidity (based on an oven dry sample with a liquor to chip ratio of 5 : 1). Maximum temperatures of 160 and 170°C were selected. Cooking times at these maximum temperatures were 60 min and 90 min, respectively. The time to attain the maximum temperature was 30 min. Pulps were thoroughly washed with tap water and screened with a laboratory flat screen. After screening, the obtained kraft pulps were bleached with sodium hypochlorite, NaClO. The 170°C and 160°C bleached pulps had pulp yields of 30 and 23% respectively.
For hand pulping, the raw materials were soaked in water for 3 months. Calcium hydroxide Ca(OH)2 ( traditionally known as slaked lime) was then added and the pulps left for a further 11months. The chips obtained were washed and the bamboo bark was removed by hand. The chips were boiled with calcium carbonate CaCO3 to produce smooth surfaces. Pulps were soaked in water overnight and washed. Finally, the obtained pulps were beaten by hand. The pulp yield was 20%.
The bamboo pulps produced by chemical and hand processes were beaten to a freeness of 450 ml CSF with a Valley beater. Subsequently, handsheets (average basis weight 60g/m 2 ) were made from the pulps according to ISO 5269-1. To compare the degradation behaviors of acid-free and acidic bamboo papers, acidic bamboo paper was prepared by adding aluminum sulfate to produce a finish sheet with a pH of 4.5-5.0.
Pulp and fiber analysis
The fibers were characterized in terms of fiber length, and water retention value (WRV), and Stain Graff C tests were also investigated. Length-weighted mean fiber length was measured with Lorentzen & Wettre instrument using 8000 to 15000 fibers according to ISO 16065-2. WRV was measured according to ISO 23714 and the Graff C test was used according to ISO 9814-4. Graff C stain analysis was performed using a microscope (Carl Zeiss, Axio Imager). Since reducing the molecular weight below a certain level will deteriorate the sheet strength [7] , the limiting viscosity number was also measured according to ISO 5351.
Accelerated aging test
To predict the long-term stability of the bamboo sheets, tube aging test was conducted according to ISO 5630-5. Tube aging in which both the moisture content of paper and degradation products contained in the fibers and confined air affect aging, is thought to closely simulate natural aging [8] .
Handsheet properties
The mechanical properties of the handsheets, such as the zero-span tensile strength (ISO 15361), folding endurance (ISO 5626), tear strength (ISO 1974), brightness (ISO 2470) and surface pH (Tappi Test Methods T529), were determined before and after performing tube accelerated aging for 1, 2 and 3 weeks. Bamboo handsheets were conditioned according to ISO 187 prior to performing the measurements.
Results and discussion
Pulp and fiber analysis
The WRV indicates the ability of the fiber's in a pulp to absorb water and swell. The WRV is used as an indication of how tightly the fiber structure holds free water. The WRV of the hand-made pulp was 81.5%. On the other hand, the kraft pulps cooked at 170°C and 160°C were 119% and 116%, respectively. The bamboo hand-made pulp had lower fiber swellability, compared with the kraft pulp. However, it has been reported that the WRV of bamboo pulp fibers considerably increased in the initial stage of beating [9] . This suggested that internal fibrillation easily occurred in the bamboo pulp fibers during beating as a special characteristic. The effect of longer bamboo fibers can be observed on the strength properties of paper [9] .
The result of changes and standard deviations in length-weighted fiber length before and after tube aging test was listed in length than the hand-made pulp at the initial state in both acid-free and acidic condition. However after tube aging test, the kraft pulp had relatively shorter fiber length than hand-made pulp. During aging, chemically made pulp fibers were considerably damaged and thus shorten in the fiber length than hand-made pulp.
Figs. 1(a) and (b) show images of fibers stained with Graff C stain for fiber analysis. The Graff C stain stains lignin yellow. The images revealed that were no relatively differences between hand-made pulp and kraft pulp.
Handsheet properties 3.2.1 Effect of tube aging on zero-span tensile strength
The zero-span tensile strength of paper indicates the individual fiber strength. Figs. 2 and 3 show the variation in the zero-span tensile strength of bamboo handsheets produced from the hand-made and kraft pulps during accelerated aging.
Despite initially having very similar zero-span tensile strengths, the paper made from the hand-made pulp had higher zero-span tensile strength than the paper made from kraft pulp during tube accelerated aging for both acid-free and acidic papers. The greater retention of the zero-span tensile strength during aging of the paper made from hand-made pulp, indicates that it had higher individual fiber strength than the paper made from kraft pulp.
The kraft bamboo pulp cooked at 170°C for 90 min maintained higher zero-span tensile strength than the kraft pulp cooked at 160°C for 60 min during accelerated aging for both acid-free and acidic paper-making conditions.
Effect of tube aging on folding endurance
Folding endurance has been used more than any other physical property to evaluate the response of paper to natural or accelerated aging. This is partly due to the fact that folding endurance decreases more rapidly with aging than any other strength property [10] . Fig. 4 clearly demonstrates that initially the paper made from handmade pulp had higher folding endurance than the paper made from kraft pulp for both acid-free and acidic papers.
The acid-free bamboo paper made from hand-made pulp has much higher folding endurance than the other bamboo papers during tube aging.
All the acid-free and acidic bamboo papers made from the kraft pulp and the acidic bamboo papers made from the hand-made pulp exhibited a complete loss in folding endurance after only a week of tube aging. Fig. 1 Images of fibers in (a) hand-made and (b) kraft pulps. Fig. 2 Effect of tube aging on zero-span tensile strength of acid-free bamboo paper. Fig. 3 Effect of tube aging on zero-span tensile strength of acidic bamboo paper.
As folding endurance is the most sensitive parameter of damage to paper, the result obtained clearly demonstrates that acid-free paper made from the handmade pulp retained its strength longer than the acid-free papers made from the kraft pulp. Retention of folding endurance depends considerably on retaining the zerospan tensile strength of acid-free bamboo paper made from the hand-made pulp during aging. Further studies are needed to determine and discuss mechanism in the changes in the folding endurance of bamboo hand-made pulp during aging.
Effect of tube aging on tearing strength
Tearing strength is a widely used parameter for evaluating the mechanical properties of paper and paperboard. Paper and paper products industries rely more on Elemendorf tearing strength than any other single parameter [11] .
Figs. 5 and 6 show the results of tearing strength tests. They clearly indicate that the paper made from kraft pulp initially had higher tearing strength for both acidfree and acidic papers than the papers made from handmade pulp. However after aging, the paper made from the hand-made pulp had higher tear strength than the acidfree paper made from kraft pulp.
All the acidic papers completely lost their tearing strength after three weeks of tube aging regardless of the pulp used. In addition, all the acidic papers became brittle regardless of the pulp used.
Effect of tube aging on degree of polymerization
Intrinsic viscosity is commonly used to evaluate the extent of pulp or cellulose degradation caused by pulping and bleaching ; it is an important parameter for evaluating pulp quality [12] . Previous studies have recognized that the degree of polymerization (DP) decreases in thermally-aged papers and the rate of DP loss is a function of aging temperature and humidity [13] [14] [15] . Shahani has studied the distribution of cellulose degradation products and found better similarity between natural aging and artificial tube aging, especially in relation to the accumulation of aliphatic acids [16] . Recent work has demonstrated that a satisfactory correlation between furfural emission in vials and DP of cellulose existed in the tube aging [17] .
Figs. 7 and 8 show the change in the viscosity number of acid-free and acidic papers during aging. The acidic paper showed lower viscosity number than the Fig. 6 Effect of tube aging on tearing strength of acidic bamboo papers. Fig. 4 Effect of tube aging on folding endurance of acid-free and acidic bamboo papers. acid-free paper before and after aging. The viscosity number of the acidic paper rapidly decreased with increasing the aging time.
On the other hand, acid-free and acidic papers made from the hand-made pulp had higher viscosity number than paper made from the kraft pulp before and after aging. This suggests that paper made from the hand-made pulp has higher paper strength and lasts longer during accelerated aging than paper made from the kraft pulp.
Effect of tube aging on brightness
Figs. 9 and 10 show that paper made from the unbleached hand-made pulp initially has much higher brightness than the paper made from kraft pulp for both acid free and acidic papers. The brightness of the handmade pulp decreased significantly with time of aging, compared with that of the kraft pulp for both acid-free and acidic papers. Many studies have found that the paper with high lignin content is very susceptible to discoloration [18] , [19] , [20] . However, the results of brightness measurements alone are not sufficient for confirmation of the supposition that chemical degradation is really correlated with the properties of aged paper.
Other experiments are obviously needed.
Effect of tube aging on surface pH
Paper is hygroscopic material and consequently the water content of paper greatly affects paper degradation. Many studies have found that high pH is associated with long-term stability [21] , [22] , [23] . Fig. 11 depicts the effect of tube aging on surface pH of acid free and acidic bamboo papers. All the acid-free papers have almost the same surface pH at the initial stage and reduction in the surface pH during aging, regardless of the pulp. Interestingly although the acidfree paper made from hand-made pulp has much higher sheet strength (Figs. 2 and 3 ) than the acid-free paper made from kraft pulp, they have almost the same surface pH during aging. The reduction in surface pH for the acid -free bamboo hand-made paper with aging is conjectured to be relatively small contributions to the loss in paper strength, compared with the bamboo kraft pulp.
The surface pH of all the acidic bamboo papers remained approximately constant during aging. In spite of the high paper's acidity, the loss in paper strength of hand-made bamboo pulp was relatively suppressed during aging. Fig. 10 Effect of tube aging on brightness of acidic bamboo paper. Fig. 8 Effect of tube aging on viscosity number of acidic bamboo paper. Fig. 9 Effect of tube aging on brightness of acid-free bamboo paper. 
Conclusion
With the exception of tearing strength, degree of polymerization and brightness, bamboo paper made from the hand-made pulp maintained its mechanical properties better than the bamboo paper made from the kraft pulp. The folding endurance test results demonstrate that the acid-free paper made from the hand-made pulp has high durability. However, the reductions in the surface pH during aging are the same, regardless of the pulp.
For both acid-free and acidic papers, paper made from kraft pulp produced by cooking at 170°C for 90 min had higher intrinsic fiber strengths than the paper made from kraft pulp produced by cooking at 160°C for 60 min before and after accelerated aging.
